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Brain ischemiaPatch-clamp single-channel studies on mitochondria isolated from embryonic rat hippocampus revealed the
presence of two different potassium ion channels: a large-conductance (288±4 pS) calcium-activated potassi-
um channel and second potassium channel with outwardly rectifying activity under symmetric conditions
(150/150 mM KCl). At positive voltages, this channel displayed a conductance of 67.84 pS and a strong voltage
dependence at holding potentials from−80 mV to +80 mV. The open probability was higher at positive than
at negative voltages. Patch-clamp studies at themitoplast-attachedmode showed that the channel was not sen-
sitive to activators and inhibitors of mitochondrial potassium channels but was regulated by pH. Moreover, we
demonstrated that the channel activity was not affected by the application of lidocaine, an inhibitor of two-
pore domain potassium channels, or by tertiapin, an inhibitor of inwardly rectifying potassium channels. In sum-
mary, based on the single-channel recordings, we characterised for the ﬁrst timemitochondrial pH-sensitive ion
channel that is selective for cations, permeable to potassium ions, displays voltage sensitivity and does not cor-
respond to any previously described potassium ion channels in the innermitochondrialmembrane. This article is
part of a Special Issue entitled: 17th European Bioenergetics Conference (EBEC 2012).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Since 1991, when Inoue and co-workers reported the ﬁrst discovery
of a potassium channel in the inner mitochondrial membrane in Nature
[1], namely the ATP-regulated potassium (mitoKATP) channel, four
other channels have been found. The large-conductance calcium-
activated (mitoBKCa) channel [2], the voltage-dependent (mitoKv1.3)
channel [3,4], and the intermediate-conductance calcium-activated
(mitoIKCa) channel [5] were all identiﬁed through electrophysiological
techniques. The fourth channel, the TWIK-related acid-sensitive potas-
sium channel (TASK-3), was identiﬁed with the use of immunoﬂuores-
cence methods [6]. At present, the physiological roles of these channels
are still under investigation. A growing body of evidence indicates that
ischemic preconditioning, short episodes of ischemia that increase tis-
sue tolerance to a lethal insult, can be mimicked by the administration
of openers of these mitochondrial potassium channels [7–9]. ATP-
regulated and large-conductance calcium-activated channels are
capable of protecting neuronal and cardiac tissue against ischemia, but
the details of this protective mechanism remain unknown. It has been
suggested that the transport of potassium ions into mitochondria causes
changes in the volume of the mitochondrial matrix [10,11], the mito-
chondrial membrane potential [12], the rate of generation of reactiveopean Bioenergetics Conference
+48 22 8225342.
zyk).
rights reserved.oxygen species [13] and calcium inﬂux [14,15]. These changesmost like-
ly occur to protect the cell from death [16,17]. ATP-regulated potassium
channels and the large-conductance calcium-activated channels are
amongst the most well-described channels in the inner mitochondrial
membrane and in the context of cytoprotection. The mitoBKCa channel
was initially described in 1999 in human glioma cells [2]. Later, it was
also identiﬁed in the inner mitochondrial membrane of guinea pig ven-
tricular cells [18], skeletal muscles [19], rat astrocytes [20] and recently,
in neuronal cells [21]. Experiments concerning ion channels in the
innermitochondrialmembrane constitute an interesting area of research
due to their cytoprotective role. The current lack of knowledge about the
molecular structures of these channels leaves electrophysiological tech-
niques as the best avenue for their investigation.
In this study,we characterise a newmitochondrial potassium channel
from the embryonic rat hippocampus.We provide, with the use of patch-
clamp technique a direct evidence that this channel is regulated by pH.
2. Materials and methods
2.1. Animals and tissue preparation
All animal experiments were performed in accordancewith the rules
established by the Ethical Committee on Animal Research of the Nencki
Institute of Experimental Biology, which are derived from National and
European Union laws. Pregnant female Wistar rats (on day 18 of preg-
nancy) were euthanised with CO2. After opening up the abdomen, em-
bryos were removed from the uterus and transferred to a dish
1868 A. Kajma, A. Szewczyk / Biochimica et Biophysica Acta 1817 (2012) 1867–1878supplemented with cold Hank's balanced salt solution HBSS (Sigma-
Aldrich). The brains were removed immediately after decapitation,
placed in cold supplemented HBSS, and the hippocampus was isolated
from the both hemispheres with the aid of a microscope.
2.2. Preparing poly-D-lysine coverslips
Round 12-mm coverslips (Assistant) were cleaned in 65% concen-
trated nitric acid (Fluka) for 48 h on a rocking platform and rinsed
5–6 times with Milli-Q water, which was changed every 3–5 h. The
slips were then dried on Whatman ﬁlter paper under a laminar ﬂow
hood and sterilised with dry heat at 180 °C for at least 3 h. After cooling,
the coverslips were placed in 12-well plates with a coating buffer con-
taining poly-D-lysine (Sigma-Aldrich) in a 0.1% borate buffer at pH 8.5
in each well and left overnight at room temperature in the ﬂow hood.
The next day, the coating buffer was removed, and the coverslips were
rinsed with Milli-Q water and dried under the ﬂow hood. The plates
with the coverslips were stored at 4 °C for a short time period before use.
2.3. Primary culture of rat brain hippocampal neuronal cells
The isolated hippocampus was treated with HBSS solution con-
taining 2 mg/ml trypsin (Gibco) for 15 min at 37 °C. Trypsinisation
was stopped by adding HBSS supplemented with 10% fetal bovine
serum (Gibco), and the tissue pellet was then rinsed in HBSS. Trypsi-
nised tissue was resuspended in neurobasal medium (Gibco) supple-
mented with 0.5 mM L-glutamine (Sigma-Aldrich), 0.05% B27
supplement (Gibco), gentamycin (Gibco), and 25 μM glutamate
(Sigma-Aldrich). Cells were plated on poly-L-lysine-coated cham-
bered coverslips for 5 days in a cell culture incubator at 37 °C with
5% CO2. After 5 days, half of the medium was changed to neurobasal
medium supplemented with 0.5 mM L-glutamine (Sigma-Aldrich),
0.05% B27 supplement (Gibco) and gentamycin (Gibco).
2.4. Fluorescent staining of cultured hippocampal neurons
After 10 days of in vitro culture, the hippocampal neuron cells were
ﬁxed for 30 min in 4% paraformaldehyde at room temperature and
washed in phosphate-buffered saline (PBS). After washing in PBS, the
cells were permeabilised, and non-speciﬁc antibody binding was
blocked for 30 min using a permeabilisation/blocking solution
containing 5% normal donkey serum (Jackson Immunoresearch Labora-
tories), 0.075% saponin (Sigma-Aldrich) and 1% bovine serum albumin
(Sigma-Aldrich) diluted in PBS. The cells were then incubated in per-
meabilisation/blocking solution containing a mixture of primary anti-
bodies, viz., anti-BK channel β2 subunit (1:200, Abcam), anti-BK
channel β4 subunit (1:100, Alomone Laboratories), and anti-TASK-3
channel (1:100, Alomone Laboratories), togetherwith themitochondri-
al marker antibody anti-Ox-Phos Complex IV subunit I (COX) (1:200,
Sigma-Aldrich). To control non-speciﬁc binding of the antibodies to
the cells, the immunoﬂuorescence results were normalised to cells
without the addition of primary antibodies as controls.
2.5. Preparation of mitochondria from embryonic rat hippocampal
neurons
After isolation of the hippocampi from the rat embryos, the tissues
were rinsed with cold HBSS and then digested in HBSS medium supple-
mentedwith trypsin enzyme at 37 °C for 15min. Themediumwith tryp-
sin enzyme was gently removed, and each tissue pellet was dispersed in
cold HBSS and centrifuged at 5000×g for 10 min. The pellet was then
resuspended in the preparation solution (250 mM sucrose and 5 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid - HEPES; pH 7.2)
and homogenised by hand in a tight glass homogeniser. The cell
homogenate was centrifuged at 9200×g for 10 min, and the pellet was
then resuspended in preparation solution and centrifuged at low(790×g) for 10 min to separate the fraction containing the puriﬁed mi-
tochondria. The sucrose-laden preparation solution was removed by
two fast centrifugations at 9200×g for 10 min each with resuspension
in the storage solution (150 mMKCl and 10 mMHEPES; pH 7.2). All pro-
cedures were performed at 4 °C.
2.6. Patch-clamp measurements
Mitoplasts (mitochondria without the outer membranes) were
prepared from mitochondria by the addition of a hypotonic solution
(5 mM HEPES and 100 μM CaCl2; pH 7.2) to induce swelling, which
was followed by rupture of the outer membrane. Isotonicity was re-
stored by adding a hypertonic solution (750 mM KCl, 30 mM HEPES,
and 100 μM CaCl2; pH 7.2). Ion current was measured after attaching
a free-ﬂoating mitoplast to a glass pipette using gentle suction. Mito-
plasts were easily recognisable in patch-clamp experiments due to
their round shape and the presence of a cap (the remnants of the
outer membrane) appearing as one or several black spots in phase
contrast. Experiments were performed at 24 °C in the mitoplast-
attached mode. An isotonic solution (150 mM KCl, 10 mM HEPES,
and 100 μM CaCl2; pH 7.2) was used as the control solution for all ex-
periments. Calcium ions concentration in external solution (isotonic)
and internal solution (isotonic) was equal to 0.1 mM. Borosilicate
glass capillaries (Harvard Apparatus) were pulled with a Flaming/
Brown Puller and used as measuring pipettes. The currents through
the channels were low-pass ﬁltered at 1 kHz and sampled at a fre-
quency of 100 kHz.
2.7. Data analysis
The data were analysed using the pClamp10 software package. The
conductance was calculated from the current–voltage characteristics.
The open probability was determined using the single-channel mode
in the Clampﬁt10 software. The permeability ratio K/Cl was calculated
according to the Goldman–Hodgkin–Katz equation. The data are
reported as mean±SD (standard deviation). The Student's t test was
used to evaluate the statistical signiﬁcance of differences between the
two groups. Pb0.05 was considered statistically signiﬁcant, and “-”
indicates the closed state of the channel.
3. Results
3.1. Preparation of mitochondria for patch-clamp experiments and
immunoﬂuorescent neuronal cell staining
The patch-clamp studies were performed with the use of mito-
chondria isolated from rat embryonic hippocampi (Fig. 1A). The im-
munoﬂuorescent studies used cells from the primary culture of rat
hippocampal neurons (Fig. 1B,C). The rat embryonic hippocampus
contains miniscule numbers of glia, and the mitochondria isolated
from such hippocampi are mainly neuronal (the details are described
in the Discussion). We examined hippocampal neurons because prior
clinical and experimental studies on brain ischemia have revealed
that these cells are the most susceptible to ischemia in the brain
[22]. There are functional consequences of the presence of a potassi-
um channel in hippocampal mitochondria. These channels may con-
tribute to the ischemic preconditioning phenomenon, similar to the
phenomena observed, for example, in cardiac myocytes.
During the experiments, we frequently observed one or multiple
black caps on the surface of the mitoplasts, which are believed to be
identical to the contact points between the inner and the outer mito-
chondrial membranes. Channel activity was found in patches of the
mitoplasts at a holding potentials from−80 mV to +80 mV in an ex-
ternal bath containing 0.1 mM Ca2+. Treatment of the mitochondria
with a hypotonic solution to access the inner membrane enabled us
to eliminate the vesicles surrounded by a single membrane formed
Fig. 1. (A) Schematic representation of mitoplast (mitochondria without an outer membrane) preparation from rat embryonic hippocampus and the patch-clamp experiments. The
experiments were performed as described in the Materials and methods section.(B) Phase-contrast photography illustrating the hippocampal neurons in culture after 10 days. The
scale bars represent 100 μm.(C) Hippocampal neurons after 10 days of culture and staining with MitoTracker Red CMXRos, which targets the intracellular mitochondrial network.
The scale bars represent 20 μm.
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are provided in the Materials and methods section).
3.2. Identiﬁcation of two different potassium channels in the embryonic
hippocampal mitochondrial inner membrane
In the patch-clamp experiments, we observed two different types
of potassium channels in the inner mitochondrial membrane from the
rat embryonic hippocampus. One of the channels, with a mean cur-
rent amplitude of 16.4±2 pA at +60 mV, was identiﬁed in 38
patches with good seal resistance (approximately 1 GΩ) out of 78 mi-
tochondrial preparations. Another channel, with a mean single-
channel current amplitude of 2.82±0.54 pA at +60 mV, was
identiﬁed in 127 patches out of 78 mitochondrial preparations
(Fig. 2).
The ﬁrst channel observed was similar to the large-conductance
calcium-activated potassium channel previously reported by Detlef
Siemen's group in glioma cells and rat astrocytes [2]. The current–
voltage characteristics of our channel were linear, and current rectiﬁ-
cation was not observed. A channel conductance of 288±4 pS was
calculated from the current–voltage function. The open probability
was found to be voltage-dependent in symmetric 150/150 mM KCl
isotonic solution, at negative voltages open probability was lower
than at positive voltages (data not shown). To obtain further insight
into the properties of these channels, we conducted electrophysiolog-
ical studies with the use of a speciﬁc BKCa channel blocker, namely,
paxilline, a peptide isolated from Penicillium paxilli. Fig. 2A presents
an example of single-channel recording measured under control con-
ditions (150/150 mM KCl) and after the addition of 10 μM paxilline.
The activity of the channel was irreversibly blocked; this effect is typ-
ical for BKCa channels. We also tested the inﬂuence of paxilline on the
second observed ion channel activity. We measured single-channel
current traces in the control solution and that with 10 μM paxilline.
The channel amplitude was unchanged, and the open probability at
a voltage of +60 mV was not signiﬁcantly different (Fig. 2B).
In the next step, to determine which auxiliary subunit of the BKCa
channel, β2 or β4, had mitochondrial localisation, we performed
double-labelling immunoﬂuorescence studies. We introduced two
groups of antibodies (one against the β2 subunit and one against the
β4 subunit) in conjunction with marker antibodies for neuronal cells(an antibody to microtubule-associated protein 2, MAP-2), astrocyte
cells (an antibody to glial ﬁbrillary acidic protein, GFAP), mitochondria
(an antibody to mitochondrial cytochrome c oxidase subunit IV, COX
IV) and endoplasmic reticulum (an antibody to the tetrapeptide found
in the C-terminal sequences of luminal proteins, KDEL). Within the
hippocampal neuronal cells, the expression of the β4 subunit was re-
stricted to a subpopulation of mitochondria (Fig. 2A; data shown with-
out control staining). Our results suggest that the β4 subunit is a
regulatory component of themitochondrial BKCa channels in hippocam-
pal neurons.
Our experiments provide evidence for the presence of:
a) a mitoBKCa channel in the inner mitochondrial membrane of the
embryonic rat hippocampus and
b) a novel channel, with a slope conductance of 67.84 pS and no sen-
sitivity to paxilline. This novel channel was the focus of further
studies.
3.3. Biophysical properties of the novel mitochondrial potassium channel
in the rat embryonic hippocampus
Using the patch-clamp technique, we identiﬁed a new ion channel
in the inner mitochondrial membrane isolated from the embryonic rat
hippocampus. This channel displays non-linear current–voltage charac-
teristics. We ﬁrst made single-channel recordings at different voltages
in symmetric 150/150 mMKCl isotonic solution. Fig. 3A presents sever-
al typical recordings at holding potentials from −80 mV to +80 mV.
Here, the current–voltage characteristics were non-linear, and current
rectiﬁcation was observed (n=24). We detected an outwardly rectify-
ing channel with a single-channel conductance of 67.84 pS at a positive
holding potential (determined as the regression between +20mV and
+80 mV) and 11 pS at a negative potential (determined as the regres-
sion between−80 mV and−20 mV). To determinewhether the chan-
nel has cationic or anionic selectivity, we measured currents at holding
potentials from −80 mV to +80mV in a gradient solution (450/
150 mM KCl; Fig. 3B). The observed reversal potential was +18mV
(n=5), indicating that this channel has potassium selectivity. K/Cl
permeability ratio calculated in gradient solution (450/150 mM KCl),
was closed to ~5. Moreover, we also evaluated the effect of a potent in-
hibitor of chloride channels, 4,4′-diisothiocyanatostilbene-2,2′-disulfonic
Fig. 2. Single-channel recordings of two different ion channels in the rat embryonic hippocampal mitochondrial inner membrane and their sensitivity to paxilline.(A) The upper
panel shows single-channel recordings at +60 mV in symmetric (150/150 mM KCl) isotonic solution (control) and after the addition of an isotonic solution with 10 μM paxilline
(n=3). Dashes indicate the closed state. The lower panel shows immunoﬂuorescent localisation of the BK channel β4 subunit in the primary culture of hippocampal rat neurons.
(A: green) Confocal image of immunolabeling of the BK β4 subunit and (B: red) mitochondrial marker cytochrome c oxidase COX subunit VI. In the overlay image (C: green, red,
blue) costained with DAPI (blue — nuclei), the yellow colour indicates BK β4 subunit colocalisation with COX-positive mitochondria. The results shown are representative of three
independent experiments. The scale bars represent 10 μm.(B) The upper panel shows single-channel recordings at +60 mV in symmetric (150/150 mM KCl) isotonic solution (con-
trol) and after adding an isotonic solution with 10 μM paxilline (n=3). Dashes indicate the closed state. The lower panel shows the current amplitudes and open probability in the
absence and presence of paxilline, at holding potential +60 mV.
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amplitude and the open probability) upon addition of DIDS (data not
shown).
The open probability of the new potassium channel was voltage-
dependent. At depolarising holding potentials, the open probability
was much lower than at hyperpolarising potentials, increasing from
0.01 at −80 mV to 0.9 at +80 mV (Fig. 3C). Fig. 3D demonstrates
the voltage dependence of the mean open and closed times of the
channel. The mean open time increased with increasing voltage, and
the mean closed time decreased with increasing voltage.A similar potassium channel with the same non-linear current–
voltage characteristics and the conductance was observed by us in
mitochondria isolated from the rat cerebellum (data not shown).
3.4. The novel mitochondrial potassium channel is insensitive to activators
and inhibitors commonly known to modulate the activity of potassium
channels presented in the inner mitochondrial membrane
To exclude the possibility that the measured current was caused by
other potassiumchannels previously identiﬁed in the innermitochondrial
Fig. 3. Electrophysiological properties of the novel channel in mitoplasts isolated from rat embryonic hippocampus.(A) The upper panel shows single-channel recordings at
+60 mV in symmetric (150/150 mM KCl) isotonic solution and the same recordings at an expanded scale. The lower panel shows single-channel recordings at different voltages
in symmetric (150/150 mM KCl) isotonic solution. Dashes indicate the closed state.(B) The current–voltage characteristics of single-channel events in a symmetric (150/150 mM
KCl) isotonic solution (ﬁlled triangles, ▾) (n=24) and in a gradient (450/150 mM KCl) isotonic solution (ﬁlled triangles, ▾) (n=6). Data points are means±SD.(C) Open prob-
ability as a function of voltage. Data points are means±SD, (n=24)(D) Voltage dependence of the mean open time and closed time of the novel channel in a symmetric (150/
150 mM KCl) isotonic solution. Error bars indicate the SD (n=24).
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modulate their activity. To date, ﬁve different potassium channels
have been reported in the inner mitochondrial membrane (Fig. 4A);
therefore, we started the experiments with modulators of all of these
channels. We examined the effects of ATP/Mg2+, glibenclamide, 5-HD
(5-hydroxydecanoate), paxilline, and margatoxin whilst the channel
activity was continuously monitored in mitoplast-attached mode. To
conﬁrm that the effect of each drug was speciﬁc, we ﬁrst tested the ef-
fect of solution in which we diluted them.
First, we used the modulators for ATP-regulated potassium chan-
nels, ATP/Mg2+, glibenclamide and 5-HD. The application of 150 μM
and 300 μM 5-HD (Fig. 4B) (n=3), 1 mM ATP/Mg2+ (Fig. 4C) (n=3),
and 30 μM glibenclamide (data not shown) (n=3) had no effects on
channel activity. These observations indicate that the novel channel
was not a mitochondrial ATP-regulated potassium channel. Next, we
tested the effects of iberiotoxin, a peptide isolated from the scorpion
Buthus tamulus (data not shown) and paxilline, an alkaloid produced
by Penicillium paxilli (n=3). These compounds are both inhibitors of
mitochondrial large-conductance calcium-activated potassium chan-
nels; the activity of the novel channel was not affected by the applica-
tion of either modulator. The amplitude of the current and the open
probability under control conditions was unchanged after the addition
of 10 μM paxilline (Fig. 2B). In the next step, we used substancesFig. 4. The effects of potassium-channelmodulators on the potassium channels present in the in
channels found in the inner mitochondrial membrane: ATP-regulated (mitoKATP) channels, la
channels, TWIK-related acid-sensitive potassium (TASK-3) channels, and intermediate-condu
−40 mV in a symmetric (150/150 mM KCl) isotonic solution (control) and after adding an is
symmetric (150/150 mM KCl) isotonic solution (control) and after adding an isotonic solution
(150/150 mM KCl) isotonic solution (control) and after adding an isotonic solution with 10
150 mM KCl) isotonic solution (control) and after adding an isotonic solution with 100 μM lidknown to modulate mitochondrial voltage-gated potassium channels,
including 10 nMmargatoxin (Fig. 4D), a potent inhibitor of Kv1.3 chan-
nels (n=3); margatoxin also had no effect on channel activity. To rule
out the possibility that the potassium channel activity described earlier
represented background-type channels (e.g., the mitoTASK-3 channel),
we studied the effect of lidocaine (n=3). The channel amplitude and
open probabilitywere unchanged after the addition of 100 μMlidocaine
to the isotonic solution (Fig. 4E).
Taken together, these preliminary data indicated that the novel
potassium channel was not sensitive to modulators of any of the
four types of potassium channels previously described in the inner
mitochondrial membrane.
3.5. The effect of pH on the activity of the novel mitochondrial potassium
channel
In the next step, we studied the effect of acidiﬁcation of themedium
inwhichwemeasured the channel current. Amongst the knownplasma
membrane potassium channels, two-pore domain potassium channels
are gated by pH, TASK-1 and TASK-3, whilst members of the TASK sub-
family are blocked by protons. Changing the pH of the bath solution
from 7.2 to 6.2 resulted in complete blockage of the novel channel.
This effect was observed more than 3 min after addition of the low-nermitochondrialmembrane.(A) Schematic representation of theﬁvedifferent potassium
rge-conductance calcium activated (mitoBKCa) channels, voltage-dependent (mitoKv1.3)
ctance calcium-activated potassium channels (mitoIKCa).(B) Single-channel recordings at
otonic solution with 300 μM 5-HD (n=3).(C) Single-channel recordings at +60mV in a
with 1 mM ATP/Mg2+ (n=3).(D) Single-channel recordings at +60mV in asymmetric
nM margatoxin (n=3).(E) Single-channel recordings at +60mV in a symmetric (150/
ocaine (n=3).Dashes indicate the closed state.
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at different voltages from+80mV to−80 mV in isotonic (control) so-
lution and after changing the bath solution to a low-pH isotonic solu-
tion. As shown in Fig. 5B, the measured current amplitude in an
isotonic solution at pH 6.2 was zero (n=7).
However, changing the pH of the solution from 7.2 to 8.2 had small
effect on channel activity (Fig. 6A). The current–voltage relation at
different positive holding potentials demonstrated that the channel
amplitude was signiﬁcantly changed (pb0.05) (Fig. 6B) (n=7). These
ﬁndings revealed that our rectiﬁer channel was sensitive to pH 6.2 and
8.2.
3.6. The novel mitochondrial potassium channel is insensitive to known
modulators of membrane potassium channels
In the second part of the experiments, we examined the effect of
known modulators of several types of potassium channels found in
the plasmamembrane. Because thewhole family of potassium channelsFig. 5. The effect of acidiﬁcation to pH 6.2 on the activity of the novel mitochondrial channe
isotonic solution (control) and after changing the bath solution to an isotonic solution at pH
channel events in a symmetric (150/150 mM KCl) isotonic solution at pH 7.2 (ﬁlled squares
means±SD (n=7).is divided into three main subfamilies depending on their molecular
structures, we used several common inhibitors of all of them. Speciﬁcal-
ly, we used modulators for the inward rectiﬁer channel subfamily, the
two-pore domain or background channel subfamilies and the voltage-
dependent channels (Fig. 7).
Because we did not know if the orientation of our mitochondrial
channel was the same as potassium channels isolated from the plas-
ma membrane, we decided to determine how the channel activity
changed upon treatment with different inhibitors of the inwardly rec-
tifying potassium channels. We used two different substances: tertia-
pin, a peptide isolated from honey bee venom, and the polyamine
spermine. The application of both 1 mM spermine (Fig. 7A) (n=3)
and 100 nM tertiapin (Fig. 7B) (n=7)had no effects on channel activity
with respect to the amplitude of the measured current and the open
probability. Additionally, our ﬁrst ﬁndings showed no signiﬁcant
changes in the activity of our channel in the presence of modulators of
voltage-gated potassium channels such as margatoxin or modulators
of voltage-gated calcium-activated potassium channels like paxilline.l.(A) Single-channel recordings at different voltages in a symmetric (150/150 mM KCl)
6.2. Dashes indicate the closed state.(B) The current–voltage characteristics of single-
, ■) and in a symmetric isotonic solution at pH 6.2 (ﬁlled triangles, ▾). Data points are
Fig. 6. The effect of alkalisation to pH 8.2 on the activity of the novel mitochondrial channel.(A) Single-channel recordings at different voltages in a symmetric (150/150 mM KCl)
isotonic solution (control) and after changing the bath solution to an isotonic solution at pH 8.2. Dashes indicate the closed state.(B) The current–voltage characteristic of single-
channel events in a symmetric (150/150 mM KCl) isotonic solution at pH 7.2 (ﬁlled squares, ■) and in a symmetric isotonic solution at pH 8.2 (ﬁlled triangles, ▾). Data points are
means±SD (n=7).
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The aim of this study was to functionally characterise potassium
channels in the rat hippocampal mitochondrion and their interaction
with known potassium channel openers and inhibitors. We describe
here, for the ﬁrst time, the isolation of two different potassium ion
channels from the rat embryonic hippocampus and their characteri-
sation utilising the patch-clamp technique.
The ﬁrst channel is a large-conductance calcium-activated potassium
channel (mitoBKCa) (Fig. 2A) with the following properties:
- a linear current–voltage curve
- a conductance of 288±4 pS
- sensitivities to both voltage and calcium ions
- sensitivity to paxilline, a common inhibitor of large-conductance
calcium-activated potassium channels
The second channel is a novel mitochondrial potassium channel
(Figs. 2B, 3) with the following properties:
- a non-linear current–voltage curve- outwardly rectifying properties
- a reversal potential of +18 mV, indicating that this channel is
potassium-selective
- a conductance of 67.84 pS at positive voltages and 10 pS at nega-
tive voltages
- sensitivities to both pH and voltage
- insensitivity to the mitochondrial potassium channels modulators
ATP/Mg2+, glibenclamide, 5-HD, paxilline, and margatoxin
- insensitivity to the potassium channel inhibitors tertiapin, sper-
mine, and lidocaine
Amongst the mitochondrial potassium channels weak rectiﬁcation
was observed in recordings from mitoKv1.3 channel and mitoKATP
channel. On mitoplasts from Jurkat cells, in symmetrical potassium
solution the slope conductance of the mitoKv1.3 was equal to 25 pS,
and a weak rectiﬁcation was observed at negative potentials [3].
Also in the inner mitochondrial membrane from Jurkat cells Dahlem
and co-workers identiﬁed mitoKATP channel with rectifying proper-
ties and conductance at positive voltages similar to the results from
our measurements [39]. The similarities between these channels
Fig. 7. The effect of modulators of selected potassium channels present in the plasma membrane.(A) Single-channel recordings at +60 mV in a symmetric (150/150 mM KCl) iso-
tonic solution (control) and after adding isotonic solutions with 1 mM spermine (n=3) and 100 nM tertiapin (n=3).(B) The upper panel shows the open probabilities in the ab-
sence and presence of spermine and tertiapin, at holding potential +60 mV. The lower panel shows the current–voltage characteristics of single-channel events in a symmetric
(150/150 mM KCl) isotonic solution (control) (ﬁlled squares, ■) and in isotonic solutions with 1 mM spermine or 100 nM tertiapin (ﬁlled triangles, ▾).
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ductance in compare to another potassium channel fully charac-
terised in the inner mitochondrial membrane mitoBKCa (~265 to
310 pS). The distribution of open and closed dwell time for a mitoBKCa
channel was analyzed by Skalska and co-workers. The open dwell times
at +90 mV and−10 mV was equal to approximately 10 ms and 1 ms,
respectively; as well as closed dwell times at +90 mV and −10 mV
were equal to approximately 1 ms and 602 ms, respectively [48].
Open dwell-times for mitoKATP channel at +50mV and -50 mV was
3.79±0.03 ms and 12.48±0.04 ms [49]. For our channel mean open
time at +50 mV and −50 mV was approximately 16.2 ms and
2.95 ms, respectively. Mean closed time at 50 mV and−50 mVwas ap-
proximately 4.42 ms and 25.1 ms, respectively.We decided to examine hippocampal neurons because clinical and
experimental studies on brain ischemia have revealed that they are
the most susceptible cells to ischemia in the brain [22]. Cerebral is-
chemia is a leading cause of death in developed countries and is char-
acterised by an obstruction of blood ﬂow to the brain, causing a loss of
glucose and oxygen supplies. Energy failure results in a loss of ATP, a
leakage of ions across the plasma membrane, membrane depolarisa-
tion and the release of neurotransmitters such as glutamate [23]. Mi-
tochondria are not only a target of ischemic injury in the cells but
they also play a potentially signiﬁcant role in cytoprotective strategies
[24–27] related to the potassium ion channels present in the inner
mitochondrial membrane. The role of mitochondria in precondition-
ing has been studied mainly in the heart and brain, and ischemic
1876 A. Kajma, A. Szewczyk / Biochimica et Biophysica Acta 1817 (2012) 1867–1878preconditioning has also been observed in the hippocampus [28–30].
The main question remains: how does the opening of these channels
protect cells against injury? The most important possibility is that acti-
vation of these channels in the hippocampusmay contribute to ischemic
preconditioning, similar to the phenomena observed in cardiac myo-
cytes. For this reason, we decided to determine what types of potassium
channels were present in hippocampal mitochondria.
The study was performed with the use of mitochondria isolated
from rat embryonic hippocampal neurons (18-day-old foetuses).
Neuronal and glial cells respond to injury in different ways. In our
work, we focused on neurons, which are more vulnerable to ischemic
brain damage than the neighbouring astrocytes [31]. The hippocam-
pus of the rat embryos contained miniscule numbers of glia, and the
mitochondria isolated from such hippocampi were mainly neuronal.
Thus, acquiring hippocampi from the brains of mature rats would in-
stead result in obtaining samples that also contain mitochondria from
glial cells. Neurons isolated from hippocampi of 18-day-old embryos
taken from female pregnant rats constitute an experimental model
enriched with pyramidal neurons and a low concentration of glia. In
comparison, acquiring hippocampi from the brains of rat infants or
mature specimens provides neural cells that are much more contam-
inated with glial cells. In the hippocampi of 18-day-old embryos,
there is mainly a neurogenic phase instead of a gliogenic phase, as
the gliogenesis process is mostly postnatal. The number of neurons
at birth and adulthood is the same. Using isotropic fractionation,
Bandeira and co-workers determined that the rat brain at birth
contains only 6% non-neuronal cells amongst all the brain cells.
Over 90% of the non-neuronal cells are formed during the second
and third postnatal weeks, reaching a level of 50% of all brain cells
[32].
In our ﬁrst round of experiments, we identiﬁed the presence of a
large-conductance calcium-activated potassium channel. The mitoBKCa
channel has previously been identiﬁed in mitochondria isolated from
glioma cells [2], cardiac cells [3,33], rat astrocytes [20], guinea pig ven-
tricular cells [18] and whole brain [21] but not in the hippocampus.
We characterised this mitoBKCa channel with respect to voltage depen-
dence, calcium ion sensitivity, conductance andpharmacology (Fig. 2A).
The presence of themitoBKCa channel in rat hippocampalmitochondria
was conﬁrmed in immunoﬂuorescence experiments. Depending on the
tissue, theα-subunits,which form the pore of the channel,may be asso-
ciated with four distinct β-subunits [34]. These accessory subunits de-
termine the electrophysiological and pharmacological properties of
the channel. For example, these subunits can increase calcium or volt-
age sensitivity. Two of these subunits, β2 and β4, are localised in neuro-
nal cells [35]. Using western blot analysis, immunoﬂuorescence
microscopy and immunogold electron microscopy, Piwonska and co-
workers demonstrated the presence of the BKCa channel β4 subunit in
the inner membrane of neuronal mitochondria [36]. Within the cell,
the expression of the β4 subunit was restricted to a subpopulation of
mitochondria. Our results suggest that the β4 subunit is a regulatory
component of the mitochondrial BKCa channel in the rat hippocampus.
These ﬁndings are in line with data showing mitochondrial localisation
of the BKCa channel α subunit [37] and the β4 subunit in neurons [36].
Our electrophysiological data also indicate that the observed single-
channel activity is similar to that of the mitoBKCa channel previously
reported in mitochondria from a glioma cell line [2], heart [15,33], as-
trocytes [20], and whole brain cells [21,38]. These ﬁndings may support
the claim of a neuroprotective role for the mitoBKCa channel in speciﬁc
brain structures.
The second step in our task was to characterise the novel potassi-
um channel we discovered. For this purpose, we decided to use mod-
ulators for all of the known inner mitochondrial membrane
potassium channels and selected plasma membrane potassium chan-
nels belonging to the three main classes of the potassium channel
family. The pharmacological proﬁle of our novel ion channel did not
match that of any previously described mitochondrial potassiumchannel (Fig. 4). The addition of 10 μM paxilline (Fig. 2B), 50 μM
and 300 μM 5-HD (Fig. 4B), 1 mM ATP/Mg2+ (Fig. 4C), 30 μM gliben-
clamide, or 10 nM margatoxin (Fig. 4D) did not affect our channel. A
channel with a non-linear current–voltage graph of approximately
the same shape as our channel was reported by Dahlem and co-
workers in the inner mitochondrial membrane of Jurkat cells. The au-
thors identiﬁed an outwardly rectifying channel with slope conduc-
tances of 15 pS at negative voltages and 82 pS at positive voltages.
The channel was blocked by 1 mM 5-HD and 12.5 mM ATP/Mg2+
[39]. Due to the similar kinetics observed for our channel, we initially
evaluated the effects of 5-HD and ATP/Mg2+. Our channel does not
correspond to the channel identiﬁed by Dahlem et al. because it was
not sensitive to either 5-HD or ATP/Mg2+.
The most obvious difference between our channel and other mito-
chondrial potassium channels is its pH sensitivity. Our channel was
markedly inhibited by acidiﬁcation (below pH 6.2; Fig. 5) and sensitive
to pH changes in the alkaline range. An increase in pH from 7.2 to 8.2
signiﬁcantly affected the single-channel conductance (Fig. 6). This dis-
covery supports the view that pH is also an important modulator of mi-
tochondrial channels, within a certain range. From the literature we
know that there some alkaline sensitive potassium channels, like
TALK channels from the two-pore domain channels family. Due to in-
sensitivity of our channel to lidocaine we need to exclude possibility
that we measured two-pore domain potassium channel in our system.
One of the characteristic features of ischemia is acidosis [40]. Cyto-
solic acidiﬁcation also results in the acidiﬁcation of mitochondria.
Gursahani and co-workers demonstrated that increased mitochondri-
al acidiﬁcation under an ischemic phase prevented calcium ion over-
load in rat ventricular myocyte mitochondria [41]. Under normal
conditions, the gradient of protons across the inner mitochondrial
membrane is maintained by the active extrusion of protons coupled
with electron transport along the respiratory chain. During an ische-
mic phase, proton extrusion stops, leading to matrix acidiﬁcation
and dissipation of the proton gradient. The strong pH sensitivity of
channel activity that we observed suggests the possibility that the
novel channel may be an acid-sensitive potassium channel in the
two-pore domain channel family. Acid-sensitive ion channels are
proton-gated ion channels that are expressed in neurons of the mam-
malian central and peripheral nervous systems; the role of these
channels is uncertain [42,43]. At least two-pore domain potassium
channels can be divided into six subfamilies: tandem-pore domain
weak inwardly rectifying K+ channels (TWIK), TWIK-related acid-
sensitive (TASK) channels, TWIK-related K+ channel (TREK) chan-
nels, TWIK-related arachidonic acid stimulated (TRAAK) channels,
TWIK-related alkaline pH-activated (TALK) channels, tandem-pore
domain halothane-inhibited (THIK) channels, and TWIK-related spi-
nal cord (TRESK) channels [44]. These channels are inhibited by acid-
iﬁcation and several regulatory factors such as local anaesthetics (e.g.,
lidocaine and bupivacaine), volatile anaesthetics (e.g., halothane and
isoﬂurane), unsaturated fatty acids (mainly arachidonic acid), ki-
nases, G-proteins, temperature, osmotic stress, and membrane
stretching [44]. Using immunoﬂuorescence techniques, Rusznak and
co-workers proved that TASK-3 channels are present in mitochondria
isolated from human keratinocyte cells (HaCaT) [6]. However, there is
no electrophysiological evidence for the presence of this channel
within the cell, and the expression of this channel in brain mitochon-
dria has not been conﬁrmed thus far. TASK-3 is blocked by barium
(57%, 3 mM), quinidine (37%, 100 μM), and lidocaine (62%, 1 mM)
[42]. In our experiments, we used lidocaine, an amide-type local
anaesthetic that has been reported to inhibit TASK-3 channels [45].
Application of 100 μM lidocaine did not change channel amplitude
or open probability in our system (Fig. 4E). These results suggest
that we may not be dealing with a two-pore domain channel. Addi-
tionally, the strong voltage-dependence of the channel activity that
we observed is not in line with the proﬁle of a two-pore domain
channel.
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after about 3 min, and this was not reversible effect. It is difﬁcult to
interpret these results, because a lot of the channels display reversible
effect to low pH. Protons after binding to the open channels can in-
duce conformational changes leading to channel inactivation. We
search in the literature and found that there is one explanation why
does the channel undergo irreversible inactivation by protons. Yang
and co-workers [50] suggested that reversible or irreversible effect
is state-dependent. TRPM2 channel measured at whole-cell and sin-
gle channel mode was blocked by acidic pH (4–6) and this effect
was reversed upon return to pH 7.3. Authors observed the opposite
effect when the channel was exposed to low pH at the closed state
(exposure to pH 4–5.5 for 2 min before main measurements) After
2 min in low pH solution, channel activity recovered upon exposure
to pH 7.3. We speculate that our channel may act at a different state
and this may be the reason why at the beginning of the measure-
ments we observe a complete block at low pH.
The last aspect of our experiments concerned the pharmacological
proﬁle of our novel channel in comparison with selected plasma-
membrane potassium channels (Fig. 7). Initially, we used modulators
of the inwardly rectifying potassium channels (the Kir channels). We
investigated the effect of tertiapin, a peptide isolated from the venom
of the honey bee, Apis mellifera [46]. Tertiapin inhibits the GIRK1 (Kir
3.1), GIRK4 (Kir3.4) (G-protein-coupled inward rectiﬁer potassium
channel) and ROMK1 (Renal Outer Medullary Potassium channel 1,
also named Kir1.1) channels at nanomolar concentrations [47]. Ter-
tiapin is the most potent Kir channel blocker identiﬁed thus far. In
our experiments, we used normal, non-modiﬁed peptide, but it is
also possible to use a more stable version. To increase peptide stabil-
ity, and afﬁnity for the channel protein, the tertiapin methionine 13
was mutated to glutamine, which is not oxidised by air. Our results
showed that the channel I/V curve in the range of −80 mV to
+80 mVwas the same before and after the addition of 100 nM tertia-
pin, and the open probability of the channel calculated at a holding
potential of +60 mV was comparable with that under the control
conditions (Fig. 7B). Future experiments using the modiﬁed tertiapin
will be necessary. In the next step, we used spermine, which is also a
highly effective blocker of the Kir channels. The strong inward rectiﬁ-
cation of Kir channels involves intracellular polycations such as pu-
trescine, cadaverine, spermidine, and spermine. Three of these
polycations are active, but spermine and spermidine are 100-fold
more potent than putrescine. The blockage of potassium channels
by spermine and spermidine is stronger than that by magnesium
ions. We observed that at a holding potential of +60 mV, the open
probability of the novel channel was not affected by 1 mM spermine
(Fig. 7B). Additionally, the I/V curve in the range of −80 mV to
+80 mV was the same before and after adding 1 mM spermine.
In summary, we demonstrated, for the ﬁrst time, the existence of a
large-conductance calcium-activated potassium channel and a novel
potassium channel in mitochondria isolated from the rat embryonic
hippocampus. Because the molecular structure of the novel channel
and its possible role in the mitochondria are unknown, this discovery
merits further investigation. Our results pave the way for understand-
ing the physiological role of this channel in the mitochondria and for
determining its role, if any, in mitochondrial cytoprotective strategies.Acknowledgements
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